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INTRODUCTION
The hydrolysis reaction of the activated amide 1-benzoyl-3-phenyl-1,2,4-triazole (1a) is general-base catalysed (Scheme 1). 1 In highly aqueous solutions, the concentration of water is sufficiently high for water to act (detectably) as both a general base and a nucleophile. Hence, in the absence of other general bases, the water-catalysed (i.e. pHindependent) hydrolysis is the sole reaction. In the presence of sufficiently basic cosolutes, the watercatalysed reaction is unimportant. More basic cosolutes are much more effective catalysts for hydrolysis than water. Consequently, despite the relatively low molality of added general bases, the general-base catalysed hydrolysis pathway competes with the water-catalysed pathway. It is stressed that even though in the watercatalysed reaction the second water molecule in the activated complex (i.e. B = H 2 O, Scheme 1) acts as a general base, a distinction is drawn between the watercatalysed reaction and general-base catalysed reaction.
Increased basicity of cosolutes usually leads to a concomitant increase in nucleophilicity. This increase in nucleophilicity provides an alternative reaction pathway: nucleophilic attack on the carbonyl functionality, followed by loss of the (substituted) 1,2,4-triazole leaving group (Scheme 2).
In this mechanism, the nucleophilic water molecule is replaced by a stronger nucleophile. The similarity with the water-catalysed hydrolysis goes even further, as the nucleophilic substitution reaction can also be catalysed by general acids and bases. Some of the possible catalysed reaction pathways for nucleophilic substitution [2] [3] [4] are illustrated in Scheme 3, there are many different pathways for reactions of nucleophiles with amides and esters. The exact pathway depends on factors such as leaving group ability, nucleophilicity and solvent. Here, we shall only discuss those reactions pathways, that, we contend, are relevant for the system under study.
If nucleophilic attack is the rate-determining step, the reaction can be catalysed by a general base or by hydroxide, deprotonating the nucleophile. Similarly, the negative charge developing on the amide carbonyl can be stabilized by general acids, resulting in general-acid catalysis. However, if expulsion of the 3-phenyl-1,2,4-triazole from a protonated tetrahedral intermediate is rate determining, the reaction could be general-base catalysed. Further, departure of the leaving group may be general-acid catalysed.
In this intricate play of reactivity, reactants can assume many different roles, resulting in a series of related but different reaction pathways. It is therefore of paramount importance to have a detailed understanding of these reaction pathways if we are to fully understand the observed rate effects induced by general bases. We therefore studied the effect of a range of general bases on the reactivity of 1a in order to identify possible competing reaction pathways. The results are used in a reinterpretation of the previously reported 5 rate-accelerating effects of some a-amino acids on the hydrolysis of 1a.
We have previously shown that encounter complexes between reactive probes and added inert cosolutes can be stabilised by hydrophobic interactions. 6 However, if the cosolute is not inert, formation of an encounter complex constitutes the first step for bimolecular (or higher molecularity) reactions. Hence, if a cosolute reacts with the reactive probe, or catalyses the reaction of the reactive probe, more hydrophobic cosolutes are expected to show slightly higher reactivity than hydrophilic cosolutes with identical functional groups. Similarly, in a linear free energy relationship, more hydrophobic reactive cosolutes are expected to show deviations towards higher reactivity provided that hydrophobic interactions are not of similar importance in both processes.
The molecular picture of an unreactive cosolute blocking the reactive centre of the activated amide from attack by water proposed by us before [6] [7] [8] is expected to be equally valid in general-base catalysed hydrolysis and (catalysed) nucleophilic substitution. In buffer solutions of general bases in which the conjugate general acid is also present, intriguing compensating effects are possible. Increasing the hydrophobicity of the general base will lead to an increased efficiency in general-base catalysis (see above) and to a concomitant increase in the rate-retarding effect of the conjugate general acid.
RESULTS AND DISCUSSION

General-base catalysis by carboxylate ions and water
The effect was determined of different general bases on the (pseudo-)first-order rate constant of hydrolysis of 1a. In all cases, at low molality and constant buffer ratio, the increase in rate constants was linear with increasing molality of added general base (Fig. 1) .
In order to obtain the sole effect by the general bases, the effect of the conjugate general acid on the observed rate has to be calculated. In the absence of general base, the general acids were found to decrease the rate of the water-catalysed reaction. We attribute this decrease to blocking by the cosolute of the reaction centre from attack by water. [6] [7] [8] We contend that a similar inhibition of reaction occurs for the general-base catalysed hydrolysis.
Hypothetically, in the absence of inhibition by cosolute and in the pH-range in which the reaction without added general bases is only water-catalysed, the rate constant is described by the equation
(2) has been employed to describe the effects of inert cosolutes on the water-catalysed hydrolysis reactions:
where k(m c ) is the (pseudo-)first-order rate constant in an m c molal aqueous solution of inert cosolute c, k(m c = 0) the rate constant in the absence of added cosolute, R the gas constant and T the absolute temperature. Significantly, [g cx À g cT ] is the difference in interaction Gibbs energies between the cosolute c and the reactants x on the one hand and the activated complex ≠ on the other. M l is the molar mass of water, N is the number of water molecules involved in the rate-determining step and f is the practical osmotic coefficient for the aqueous solution where the molality of added solute is m c . For the watercatalysed hydrolysis, N = 2. Further, the solutions are very dilute and hence, f can be taken as unity; m 0 is the (hypothetical) ideal reference state and corresponds to 1 mol kg
Equation (3) 
where a is the (rate-retarding) effect of the acidic form of the cosolute on both the water-catalysed and general-base catalysed reaction. The kinetic data were fitted to Eqn. (5) . The results together with pK a values are summarised in Table 1 .
Fitting data to an equation related to Eqn. (5), in which the acidic form is assumed to inhibit only the watercatalysed reaction, leads to less satisfactory fits. Introducing an additional parameter to distinguish between rate-retarding effects on the water-catalysed and on the base-catalysed hydrolysis seems unjustifiable.
Employing the theory developed in previous work, the effect of the formation of encounter complexes from reactant(s) and an inert cosolute can be expressed in terms of G(c) values (for a brief review, see Ref. 11) . These G(c) parameters were calculated using Eqn. (6) [cf. Eqns (2) and (3)]:
where m 0 is 1 mol kg
À1
, N is the number of water molecules incorporated in the activated complex, f is the , respectively, correspond to the corresponding values for the water-catalysed reaction. This correspondence supports the hypothesis that rate-retarding effects are similar for water-catalysed and for general-base catalysed hydrolysis and is consistent with the notion that the rate-retarding effects are (largely) caused by blocking of the reaction centre.
Using the results given in Table 1 , a Brønsted plot was constructed for carboxylate general bases and water [ Fig.  2 , Eqn. (7)].
The Brønsted b is 0.29 AE 0.05, slightly lower than the value for activated amides without the phenyl substituent in the triazole ring. 1, 12, 13 Interestingly, in terms of general-base catalysis, comparison of ethanoate and butanoate shows that the latter is slightly more effective. The observed difference cannot be explained on the basis of its slightly higher pK a . This pattern could be caused by the more hydrophobic nature of butanoate, resulting in additional hydrophobic stabilisation of the encounter complexes formed between 1a and butanoate in the initial stages of the activation process.
From base-catalysed hydrolysis to nucleophilic substitution
Phenylalaninamide hydrochloride and alaninamide hydrochloride are both rate retarding in their fully protonated form; G(c) = À1869 and À234 J kg mol À2 , respectively. 5, 14 In their deprotonated forms, they can function as general bases. It was expected that especially phenylalaninamide, being strongly rate retarding in the protonated state and hence forming rather stable encounter complexes, would be an effective catalyst for hydrolysis.
Indeed, the reactivity of 1a in the presence of unprotonated alaninamide and phenylalaninamide is high. The pH dependence of the reactivity of 1a in the presence of alaninamide and phenylalaninamide ( Fig. 3) indicates that high reactivity is indeed associated with deprotonation of the general base.
The results for alaninamide and phenylalaninamide were fitted to Eqn. (8), using a non-linear least-squares procedure:
The first term on the right-hand side, k(m c ), is the rate Figure 2 . Brùnsted plot for general-base catalysed hydrolysis of 1a Figure 3 . pH dependence of the reactivity of 1a in the presence of a-amino acid derivatives. Left: 0.11 mol kg À1 alaninamide with pK a set to 8.02 (solid line) and pK a 8.58 (dotted line). Right: 0.11 mol kg À1 phenylalaninamide, pK a set to 7.45 (solid line) and pK a 7.69 (dotted line). Grey lines indicate hydroxide-catalysed hydrolysis constant for hydrolysis at pH 4 in the presence of m c molal protonated cosolute c. The second term on the right-hand side yields the rate of hydroxide-ion catalysed hydrolysis with k OH the second-order rate constant for hydroxide-catalysed hydrolysis and 10 pHÀ14 the concentration of hydroxide. The third term on the right-hand side represents the rate of reaction with the cosolute, where k 1a is the rate constant of reaction of the cosolute with 1a, m c is the total molality of cosolute and (1 10
À1 is the fraction of cosolute in the deprotonated form. The results are summarised in Table  2 .
The We attribute this marked difference in reactivity of 1a for these general bases to a change in reactivity from general-base catalysed hydrolysis to nucleophilic substitution. The UV/Vis properties of amides, the expected products of nucleophilic substitution reactions, are only slightly different from those of the products of hydrolysis. Hence the spectral changes upon reaction (followed at a single wavelength) give no information about the actual reaction occurring, other than that the amide functionality is reacting. However, comparison with the literature 16, 17 reveals that the difference spectrum upon reaction is in accord with formation of an amide instead of a carboxylate. The structurally related activated amide 1-acetyl-1,2,4-triazole has also been shown to undergo general-base catalysed hydrolysis and nucleophilic substitution by a variety of nucleophiles. 18 The rate constant for hydroxide-catalysed hydrolysis of 1a in the presence of phenylalaninamide is considerably lower than the rate constant of 1130 s À1 mol À1 dm 3 for hydroxide-catalysed hydrolysis of 1a without cosolute. 13 Previously, the effect of 2-methylpropan-2-ol on the hydroxide-ion catalysed hydrolysis of 1a has been studied. 12 At low mole fractions of added 2-methylpropan-2-ol, the second-order rate constants (k OH ) showed a maximum when plotted against the mole fraction of 2-methylpropan-2-ol. This maximum was attributed to a destabilisation of the initial state of the hydroxide-ion catalysed hydrolysis. This destabilisation of the initial state has been shown to originate from the unfavourable Gibbs energy of transfer of the hydroxide anion from water to water with cosolute, more than cancelling the corresponding favourable Gibbs energy of transfer of 1a. For neutral hydrolysis of 1a in aqueous solutions containing 2-methylpropan-2-ol, 19 G(c) = À392 J kg mol À2 . G(c) for the same reaction in the presence of phenylalaninamide hydrochloride 14 is À 1869 J kg mol À2 . Compared with solutions with added 2-methylpropan-2-ol, this pattern indicates that the standard chemical potential of 1a is lowered more in solutions with added phenylalaninamide. Therefore, added phenylalaninamide could lead to a rate decrease if the stabilising effect of phenylalaninamide more than cancels the expected destabilising effect of phenylalaninamide on the hydroxide anion. However, the effect of phenylalaninamide on the standard chemical potential of hydroxide anion is unknown. Hence, reliable estimates of k OH cannot be made. Related to the unknown effect of the added cosolute on the standard chemical potential of the hydroxide anion, the effect of added cosolute on the water self-ionization constant is unknown. Hence, using [OH À ] based on the observed pH should be done with caution.
The values for pK a obtained using Eqn. (8) as given in Table 2 are both higher than literature values. Together with the observed pattern in the deviation between the experimental and calculated values (Fig. 3 , right-hand side), this trend indicates that Eqn. (8) underestimates the rate constants at higher pH. As nucleophilic substitution can be general-base catalysed, the increasing molalities of unprotonated amine not only increase nucleophile molalities, but also increase catalyst molalities. In addition, at lower pH, the rate constants might be underestimated as a result of inhibition of reaction by the protonated amine. In order to test the hypothesis of general-base catalysed nucleophilic substitution, the effect of both ethanoate/ethanoic acid and butanoate/ butanoic acid buffers on the rate of reaction of 1a with phenylalaninamide was determined (Fig. 4) .
According to the plot on the left-hand side of Fig. 4 , the rate of reaction between 1a and alaninamide increases kg is obtained (cf. Table 2 ). Unfortunately, based on the available data, a value for k nuc for alaninamide cannot be determined. Using hydroxylamine, an even higher reactivity than that observed for alaninamide and phenylalaninamide was found, despite its lower pK a (Fig. 5) .
The observed rate constant of 53. À1 and the notion that a negative intercept is physically unrealistic. The negative intercept could be caused by two factors. First, a small change in protonation (the pH decreases slightly) upon dilution of the hydroxylamine buffer stock solution. Second, a second-order (in total hydroxylamine molality) term corresponding to generalbase or general-acid catalysed nucleophilic substitution. Both effects would lead to an overestimate of the second- À1 kg for general-base catalysis. This large discrepancy between the predicted value for generalbase catalysed hydrolysis and the observed value again strongly suggests that the reaction pathway that is followed is not general-base catalysed hydrolysis. The high reactivity of hydroxylamine is often accounted for in terms of the a-effect, 21 therefore the results are indicative for nucleophilic attack on 1a. Hydroxylamine has two nucleophilic centres (of different reactivity), further enhancing reactivity. Nucleophilic attack by hydroxylamine will occur on the amide functionality of 1a, eventually leading to N-hydroxybenzamide. Surprisingly, the hydroxyl moiety is most nucleophilic in hydroxylamine in the case when p-nitrophenyl acetate is the substrate undergoing nucleophilic attack, resulting in an initial excess of the product from nucleophilic attack by the hydroxyl moiety. However, this initial unstable product can react further to N-hydroxybenzamide. 22, 23 The zwitterionic form of hydroxylamine is not present in detectable amounts, 20, 23 practically excluding the Odeprotonated hydroxylamine as the nucleophile.
Using n-propyl-and n-pentylamine as well as benzylamine, again high reactivities were found but the observed rate constants were not linear with concentration of general base (Fig. 6) . We attribute this pattern to general-base catalysed nucleophilic substitution, 4 but general-acid catalysis (by the conjugate acids) cannot be excluded. 3, 24, 25 The observed rate constants were fitted to the equation
where k pH is the (pseudo-)first-order rate constant for reaction in the absence of added general base at the experimental pH, k 2nd is the second-order rate constant based on total buffer concentration for nucleophilic substitution (and a minor fraction general-base catalysed hydrolysis) by cosolute c, m c is the molality of cosolute c and k 3rd is the third-order rate constant for the generalbase catalysed nucleophilic substitution. Assuming that general-base catalysed hydrolysis makes a negligible contribution to the observed rate, k nuc can be calculated (Table 3 ) from k 2nd .
According to Table 3 , n-pentylamine provides the most effective non-catalysed nucleophilic substitution. However, the increase in reactivity appears to be too large to be caused solely by the difference in pK a and different steric effects. This increase in reactivity points towards more favourable interactions between n-pentylamine and 1a compared with those between n-propylamine and 1a. Figure 6 . Observed rates of reaction for 1a. Left: in the presence of (*) n-propylamine and (*) n-pentylamine. Buffer ratios are 1:9 (base:acid), pH = 9.54 AE 0.07 for n-propylamine and 9.53 AE 0.03 for n-pentylamine. Right: in the presence of benzylamine. Buffer ratio is 1:1 (base:acid) and pH = 9.34 AE 0.04 a The numbers in parentheses are standard errors based on a least-squares fit of the kinetic data using Eqn. (9) . b k nuc = 10k 2nd , the rate effect of the protonated amine in this concentration range is expected to be negligible. The second-order terms (in amine), however, are comparable (although care has to be taken in interpreting the value for n-pentylamine) suggesting that selfassociation of n-pentylamine is comparable to selfassociation of n-propylamine. Previously, for nucleophilic substitution of sufficiently hydrophobic p-nitrophenyl esters by hydrophobic amines, the second-order (in nucleophile) process was found to be more effective because the reactants tend to cluster.
30,31
The reactivity of benzylamine in comparison with that of the alkylamines is surprisingly high taking into account its lower pK a . Given the present data set, the second-order term (in amine) cannot be compared with second-order terms for the alkylamines. The buffer ratio is different and the influence of basicity (or acidity) on general-base (or general-acid) catalysis of nucleophilic substitution is unknown, because Brønsted plots for general-base catalysis and general-acid catalysis of nucleophilic substitution have not been determined. 18 An experiment, conducted under the conditions of the kinetic runs, was performed on a milligram (of substrate) scale. Benzylamine was used as nucleophile and 1b instead of 1a was used as substrate. Both 1 H NMR and 13 C NMR spectra of the product correspond to literature spectra of N-benzylbenzamide, [32] [33] [34] corroborating the view that nucleophilic substitution did indeed take place. Reaction between 1b and phenylamine in benzene was shown to yield N-phenylbenzamide. 35 Moreover, 1b has been used as a benzoylation reagent in dry cyanomethane, 36 both consistent with the possibility of nucleophilic substitution of 1b and the related 1a.
An overall Brønsted plot of rate constants for generalbase catalysed hydrolysis k b and uncatalysed nucleophilic substitution k nuc of 1a (both indicated by k 1a ) shows considerable scattering (Fig. 7) . Note that in all LFERs, only the linear terms describing the bimolecular (uncatalysed) nucleophilic substitution reaction have been used.
For general bases with comparable nucleophilic groups, a correlation is obtained between observed rate constant and pK a . However, the correlation does not extend over different groups of bases, in agreement with extensive literature data. 37, 38 Remarkably, the observed rate constants for aromatic amines acting as a nucleophile seem to be consistently higher than those for nonaromatic amines with the same pK a would have been, i.e. the data points for aromatic amines lie above and to the left of a line through the non-aromatic amines.
An interesting case is presented by aspartame (AspPheOMe) (Scheme 4). Aspartame offers a number of functional groups, the carboxylic acid and the amine being the most important for the present study. The carboxylate group is expected to be a general-base catalyst in the hydrolysis reaction of 1a. The amine group will act as nucleophile, the relative importance of both reactions being dependent on the degree of protonation of both groups. From the pK a of the carboxylic acid functionality 39,40 of 3.2, we conclude that in the molality range up to 0.044 mol kg À1 of aspartame, the contribution of the carboxylate group to the observed rate of reaction is negligible. The pH-rate profile for reaction of 1a with aspartame at three concentrations of aspartame is given in Fig. 8 .
From the non-linear least-squares fits to the observed rate profiles, the second-order rate constant for nucleophilic substitution on 1a by aspartame is 7.8 AE 0.2 s À1 mol À1 kg. As can be seen from Fig. 7 , this rate constant for nucleophilic substitution is clearly much higher than expected. We attribute this increase to two factors. First, aspartame is a rather hydrophobic molecule, which could form hydrophobically stabilised encounter complexes (cf. the effect of benzylamine). Second, the nucleophilic substitution by aspartame can be intra-molecularly general-base catalysed by the carboxylate functionality, thereby greatly enhancing the nucleophilicity of aspartame (Scheme 5). It is interesting to view aspartame as a cyclised, non-nucleophilic general base catalyst for hydrolysis. The molecule consists of two a-amino acids, and has a hydrophobic 'binding site' and a 'catalytic center'. General-base catalysed hydrolysis and uncatalysed nucleophilic substitution on 1a; a linear free energy relationship
Despite the fact that comparing basicities of nucleophiles with kinetic nucleophilic reactivities towards carbon compounds is not a proper rate-equilibrium comparison (Parker 41 and Hine and Weimar 42 developed the concept of 'carbon basicity') reactivity of general bases in nucleophilic substitution is roughly correlated with their basicity. However, there are many factors influencing reactivity other than basicity, 43 the most important being the elusive a-effect 21 and steric factors. Often, nucleophilicity varies with basicity within a series of compounds, which can be attributed to differences in solvation of different nucleophilic groups and a difference in hardness/softness of the nucleophile. In view of the failure of basicity as an indicator of nucleophilicity, alternative scales of nucleophilicity have been developed, most importantly Richie's 44 N (for nucleophilic addition on sp 2 carbon) and the Swain and Scott 45 n parameter (for nucleophilic substitution on sp 3 carbon). There are links between the two scales, 46 
We compare rate constants for uncatalysed nucleophilic substitution and general-base catalysed hydrolysis of 1a with the rate constants for the same reactions of p-nitrophenyl acetate (p-NPA). There are ample experimental data on nucleophilic substitution on p-NPA 2, 23, [47] [48] [49] [50] and the available data for p-NPA form a reliable basis for linear free energy relationships (LFERs). 51 Most importantly, however, the change in reaction pathway from general-base catalysed hydrolysis to nucleophilic substitution of 1a is mirrored by p-NPA. Both are carbonyl compounds showing approximately the same reactions with added general bases. Also, the anions of both 3-phenyl-1,2,4-triazole and 4-nitrophenol are reasonably good leaving groups based on the pK a values of the parent compounds of 9.58 52 and 7.15, 53 respectively. When log k 1a is plotted as a function of log k pÀNPA for different bases/nucleophiles, a linear correlation is found ( Fig. 9 ) with a slope of 0.91. The correlation includes data points for hydroxylamine (an a-effect nucleophile) and hydroxide anion (a charged nucleophile).
Interestingly, the LFER spans regions of different reactivity; general-base catalysed hydrolysis for both 1a and p-NPA by water (1) and ethanoate (3) 54 and nucleophilic substitution by hydroxylamine (5), benzylamine (9), propylamine (10), pentylamine (11) and hydroxide (12) . This pattern is in line with the argument formulated by Fersht and Jencks 55 that 'such a correlation shows only that the two compounds being compared have similar transition states for each individual reaction under consideration; if there is a change in the nature of the transition state with changing nucleophile … the correlation shows that this change takes place in a similar manner for both compounds. ' We conclude that the enhanced reactivity compared with what would be expected on the basis of general-base catalysis alone is indeed caused by a change in mech- . Linear free energy relationship between nucleophilic substitution on 1a and nucleophilic substitution on p-NPA by different bases/nucleophiles. Numbering as in Fig. 7 anism to nucleophilic substitution. The linear free energy relationship also allows reliable estimates to be made of the rates of uncatalysed nucleophilic substitution on 1a.
General-base catalysis, nucleophilic substitution and inhibition
As described above, a range of possible interactions between cosolute and hydrolytic probe sometimes result in rather complex reactivity patterns. For example, phenylalaninamide and alaninamide show rate-decreasing effects in their protonated forms, but are strong nucleophiles in their deprotonated forms. Similarly, the effect of the carboxylate buffers is a composite effect of the rate retardation by the protonated form and catalysis by the carboxylate.
Previously, 56 rate effects induced by a-amino acids have been studied at a pH of 4.0, at which the a-amino acids are present mainly in their zwitterionic forms. Rateenhancing effects were found for a range of a-amino acids and even for some of their derivatives. Rateenhancing effects were not found to correlate with the pK a of the carboxylic acid moiety. Furthermore, the kinetic solvent isotope effect did not change significantly and no linearity of the slope of k obsd versus molality of cosolute was observed. Hence, the kinetic effects were 'not governed by general-base catalysis of the a-amino acid carboxylate group, but involve medium effects instead.' 56 The kinetic analyses presented here, however, indicate that apart from general-base catalysis by the aamino acid carboxylate group, nucleophilic substitution by the a-amino acid amine group is also a possible reaction pathway. Consequently, the observed rate effects are rather difficult to interpret, as a linear Brønsted plot is not to be expected. In addition, given the observed G(c) values and the data in Fig. 4 .1 of Ref. 56 , it is difficult to draw conclusions about the linearity of the observed rate effects with molality of cosolute. This is especially the case since possible general-base or general-acid catalysis will produce deviations from linearity in plots of k(m c ) versus molality. The deviation is towards higher k(m c ) at higher molalities, which can accidentally produce good linear plots of ln[k(m c )/k(m c = 0)] against cosolute molality m c . Finally, the observed kinetic solvent isotope effect of 2.49 for the hydrolysis of 1a in 0.5 mol kg À1 glycine at pH 4 is very similar to the 2.69 observed for the reaction in water at pH 4 without cosolute. Unfortunately, however, this value will be influenced by the increase in pK a of both the a-amino acid carboxylate and the a-amino acid amine functionality upon changing the solvent from H 2 O to D 2 O. The increase in pK a for the glycine carboxylate group 57 of 0.39 results in a larger fraction of the a-amino acid carboxylate group becoming neutralised. Together with the expected kinetic solvent isotope effect, this leads to a decrease in rate constant. Consequently, the observed rate of the nucleophilic substitution reaction will be decreased, even though no proton transfer takes place in the uncatalysed nucleophilic substitution reaction. The increase in pK a of the a-amino acid amine functionality 57 of 0.63 results in fewer free amine groups being available for reaction, also leading to a decrease in observed rate constant. Hence the similarity in kinetic solvent isotope effects could be merely coincidental, which interfered with the interpretation of the result obtained for a-amino acids.
We contend that for the least hydrophobic a-amino acids, rate-retarding effects are negligible and only rate enhancements are observed caused by general-base catalysed hydrolysis and nucleophilic substitution. 56 The effect of general-base catalysis of hydrolysis can be calculated using Eqn. (7), pK a values of the a-amino acids 58 and pH (Table 4) . If the residual observed rate enhancements are attributed to uncatalysed nucleophilic substitution by free amine, excellent correlation is again observed (Fig.  10 ) with data for p-NPA.
Hence, even though the fraction of unprotonated amine functionalities is of the order of ppm, the unprotonated amine functionality of a-amino acids is strongly nucleophilic, rendering nucleophilic substitution kinetically detectable at a pH as low as 4.0 for hydrophilic aamino acids. More hydrophobic a-amino acids, however, show rate retardation as the main effect at a pH of 4.0. However, the observed rate retardations will be a combined effect of inhibition by the hydrophobic aamino acid, general-base catalysis and nucleophilic substitution. 
CONCLUSIONS
In aqueous solutions containing general bases, activated amide 1a is subject to water-catalysed hydrolysis, general-base catalysed hydrolysis with a Brønsted b of 0.29 and nucleophilic substitution with a Brønsted b of $1.5 for amine nucleophiles. In certain cases, nucleophilic substitution is general-base and/or general-acid catalysed. Reactivities of more hydrophobic general bases seem to be consistently higher than reactivities of hydrophilic general bases supporting an explanation based on the formation of hydrophobically stabilised encounter complexes. In future studies, rate effects of cosolutes, in particular rate-enhancing effects, should be scrutinised for unexpected catalytic effects or changes in mechanism. In the present study we have shown that small fractions of compounds present in, e.g., a deprotonated state, albeit in ppm, can induce large rate effects.
EXPERIMENTAL
Materials. All buffers were made from commercially available acids, alkylamines or benzylamine (from Acros or Aldrich) using aqueous NaOH or aqueous HCl of known concentration (Titrisol). Aspartame was kindly provided by Professor Dr H. E. Schoemaker (DSM/ University of Amsterdam). 1-Benzoyl-3-phenyl-1,2,4-triazole (1a) and 1-benzoyl-1,2,4-triazole were synthesised according to literature procedures. 13, 59, 60 Kinetic Experiments. Aqueous solutions were prepared by weight immediately before use. Buffers were prepared by partially (to the desired buffer ratio) neutralising the corresponding acid by adding the appropriate amount of 1.000 mol l À1 aqueous NaOH by volume or by weight. Buffer ratios were routinely accurate to within 1%.
Buffer solutions containing n-propylamine and n-pentylamine were prepared by addition of the appropriate amount of 1.000 M aqueous HCl within 2 min prior to monitoring the reaction of 1a in order to prevent evaporation of the volatile amines from the solutions. Water was distilled twice in an all-quartz distillation unit. All reactions were monitored at 273 nm (or the lowest possible wavelength above 273 nm if a given cosolute had absorption bands at that wavelength) and at 25.0 AE 0.1°C. Amide 1a was injected as 5-7 ml of a stock solution containing 1a in cyanomethane into about 2.8 ml of an aqueous solution of cosolute in a concentration range in which the reaction could be followed in a stoppered 1.000 cm quartz cuvette. The resulting concentrations were about 10 À5 mol dm À3 or less. The pH of all solutions was checked at the end of each kinetic experiment using either a Ross semi-micro combination pH electrode or a Sentron ISFET pH probe and was found to correspond well (not more than 0.2 pK a units below) with the predicted pH from the pK a and the buffer ratio. NMR spectra were recorded on Varian Gemini 200 (
